Metastasis significantly reduces the survival rate of osteosarcoma (OS) patients. Therefore, identification of novel targets remains extremely important to prevent metastasis and treat OS. In this report, we show that SPARCL1 is downregulated in OS by epigenetic methylation of promoter DNA. In vitro and in vivo experiments revealed that SPARCL1 inhibits OS metastasis. We further demonstrated that SPARCL1-activated WNT/β-catenin signaling by physical interaction with various frizzled receptors and lipoprotein receptor-related protein 5/6, leading to WNT-receptor complex stabilization. Activation of WNT/β-catenin signaling contributes to the SPARCL1-mediated inhibitory effects on OS metastasis. Furthermore, we uncovered a paracrine effect of SPARCL1 on macrophage recruitment through activated WNT/β-catenin signaling-mediated secretion of chemokine ligand5 from OS cells. These findings suggest that the targeting of SPARCL1 as a new anti-metastatic strategy for OS patients.
INTRODUCTION
Osteosarcoma (OS) is the most common primary bone malignant tumor and has a high propensity to metastasis. 1, 2 The heterogeneous nature of OS is indicated by the presence of cells arrested at different stages of differentiation. 3, 4 Although osteosarcoma is a rare type of tumor, it represents~55% of childhood and adolescent malignant bone tumors. 5 WNT/β-catenin signaling is activated when WNT ligands bind to frizzled (FZD) receptors and co-receptors (LRP5/6) on the cellular surface. 6 This signal transduction is increasingly complex and can be regulated both extracellularly and intracellularly. 7 WNT/β-catenin signaling is involved in osteoblast differentiation and has been linked to the development of epithelial carcinoma. 8, 9 However, its role in mesenchymal tumors remains unclear. [10] [11] [12] [13] Conflicting reports have been published concerning the role and effect of this pathway in OS. [14] [15] [16] [17] [18] [19] [20] SPARC (secreted protein acidic and rich in cysteine) protein expression affects osteoblast differentiation, tumorigenesis and tumor metastasis. 21 SPARCL1, a member of the SPARC family, plays important roles in many physiological and pathological conditions. 22, 23 In addition, SPARCL1 mitigates fibroblast adhesion and inhibits migration. 24 Abnormal expression of SPARCL1 is closely related to the metastasis and prognosis of a variety of tumors. [25] [26] [27] [28] Moreover, Mintz et al. 29 found that SPARCL1 showed significantly different expression patterns between Huvos I/II (n = 15) and III/IV (n = 15) OS tissues. However, the mechanisms underlying the regulation of cancer development by SPARCL1 and the membrane receptor involved remain elusive.
In the present study, we show that SPARCL1 is downregulated in OS via epigenetic methylation of its promoter DNA. SPARCL1 inhibited OS metastasis through activation of canonical WNT/β-catenin signaling. We further demonstrated that SPARCL1 interacted physically with FZDs and LRP5/6, and stabilized the interaction between canonical WNT ligands and their receptors. We also show that SPARCL1-mediated activation of WNT/β-catenin signaling promotes the recruitment of macrophages via an increase in chemokine ligand5 (CCL5) production in human OS cells.
RESULTS

SPARCL1 is downregulated in OS via epigenetic promoter DNA methylation
To investigate the expression pattern of SPARCL1 in OS, we first compared the level of the SPARCL1 protein in the normal human osteoblast cell line, hFOB1.19, with that in OS cell lines (Saos-2, U-2OS and MNNG-HOS). The SPARCL1 protein level was significantly lower in the OS cell lines (Figure 1a ). We further examined SPARCL1 levels in a human osteosarcoma tissue microarray (TMA) (n = 40) by immunohistochemistry (IHC). SPARCL1 was almost absent in most of the samples (25/40, 62.5%), but was detected in 37.5% (11/40) of the samples (Figures 1b and c) . Genetic or epigenetic mechanisms or both might cause dysregulation of SPARCL1 expression in OS. SPARCL1 is located on chromosome 4q22.1 and according to published studies; there is no deletion in this region in OS. 30, 31 We then explored the epigenetic regulation of SPARCL1 expression in OS. Three OS cell lines (Saos-2, U-2OS and MNNG-HOS) and an osteoblast cell line, hFOB1.19, were treated with a specific methyltransferase inhibitor, 5-aza-2′-deoxycytidine (DAC), and a histone deacetylase inhibitor, trichostatin A (TSA), both separately and in combination. The mRNA expression level of SPARCL1 in OS cells was increased significantly by DAC treatment in all tested OS cell lines, but not by TSA treatment (Figure 1d ). Meanwhile, the expression of SPARCL1 increased only slightly in osteoblast cells treated with DAC ( Figure 1d ). To further validate the methylationmediated downregulation of SPARCL1 in OS, we performed bisulfite sequencing PCR of DNA from Saos-2, U-2OS, MNNG-HOS and hFOB1.19 cells (Figure 1e ). The methylation status of five CpG sites in the SPARCL1 promoter in these cell lines is shown in Figure 1f . The SPARCL1 promoter in OS cells showed higher levels of methylation compared to that in human osteoblast cells (hFOB1.19: 34%; Saos-2: 54%; U-2OS: 70% and MNNG-HOS: 76%).
Taken together, these results demonstrated that SPARCL1 was downregulated in OS via epigenetic methylation of its promoter.
SPARCL1 inhibits OS metastasis in vitro and in vivo
We next determined the biological functions of SPARCL1 in OS cells (U-2OS and MNNG-HOS) and in an osteoblast cell line (hFOB1.19). SPARCL1 in OS cell migration and invasion, using recombinant human SPARCL1 (rSPARCL1); PBS was used as a control. The migration and invasion abilities of U-2OS and MNNG-HOS cells were inhibited significantly in a dose-dependent manner by rSPARCL1 (Figures 2a and b and Supplementary Figure 1f) . While overexpression of SPARCL1 or adding rSPARCL1 did not significantly affect the migration and invasion abilities of the osteoblast cells (Supplementary Figures 1c-e) .
Figure 2.
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We also examined the role of SPARCL1 in OS metastasis in vivo. Vector-Luc and SPARCL1-Luc transfected MNNG-HOS cells were injected into the tail veins of BALB/C nude mice. Tumor metastasis status was examined 30 days after the injection, using an imaging system that detected the luciferase signal. The representative bioluminescent images of the different groups are shown in Figure 2c . As shown in Figure 2d and Supplementary Figure 2a , representative pictures of resected lungs and hematoxylin and eosin staining of lung tissues confirmed that the incidence of metastasis in the lung decreased dramatically in the SPARCL1-overexpressing group compared with that in the control group (Supplementary  Figure 2b) . The number of metastatic lung nodules in the SPARCL1-overexpressing group was smaller than that in the control group (Figure 2e) .
To explore the mechanism involved in the inhibition of OS metastasis by SPARCL1, we performed transcriptome analysis to compare the gene expression patterns in control MNNG-HOS cells and SPARCL1-overexpressing MNNG-HOS cells (GSE97572). To ensure the accuracy of the data analysis, differentially expressed genes (DEGs) were defined as those having both an average fold change 42.0 and P-values o 0.05. As shown in Figure 2f Figure 3e) . The results of GO analysis (biological process, molecular function and cellular component) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis also provided strong support to our earlier observations that SPARCL1 inhibits OS cell migration and invasion (Figures 2g and h and Supplementary Figures 3a and 3b) . The analysis clearly identified ontology categories and pathways involved in cell motility, cell adhesion, focal adhesion and the extracellular matrix (Figures 2g and h and Supplementary Figures 3a-c) . Meanwhile, the heat map shown in Figure 2h indicated that SPARCL1 target genes inhibit cell motility (GO0048870, vector compared with SPARCL1 overexpression, P = 3.34E − 5), which was also consistent with our previous biological studies. Collectively, these results indicated that SPARCL1 inhibits OS metastasis. SPARCL1 activates the WNT/β-catenin pathway by promoting nuclear translocation of β-catenin The aforementioned results of GO analysis (biological process) demonstrated that the control cells' gene expression signature involves a drive toward negative regulation of catenin import into the nucleus and negative regulation of WNT signaling, compared with that in the SPARCL1-overexpressing cells (Figure 2g and Supplementary Figure 3d ). It has also been reported that WNT/β-catenin plays an important role in the process of osteoblast differentiation and that this pathway is inactivated in OS. 8, [14] [15] [16] [17] [18] [19] To further reveal the potential mechanism of SPARCL1-mediated inhibition of OS metastasis, we first examined whether SPARCL1 could activate the canonical WNT/β-catenin pathway, by a dualluciferase reporter gene assay (Supplementary Figure 4a) . MNNG-HOS and U-2OS cells were treated with 10 μg/ml rSPARCL1 or vehicle (PBS). The TOP Flash reporter activity was increased significantly in the rSPARCL1 group (P o0.001) (Supplementary Figure 4a) . We obtained similar results using HEK293T cells (Supplementary Figure 4b) . We then carried out immunofluorescence (IF) staining of OS cells overexpressing SPARCL1, cells treated with rSPARCL1 protein and control cells. Nuclear localization of β-catenin (green) was more pronounced in the SPARCL1-overexpressing cells and rSPARCL1-treated cells than in the control cells (Figure 3a) . Western blotting was also performed to detect the distribution of β-catenin. As shown in Figure 3b , there was no significant difference in the total amount of β-catenin in the control and SPARCL1-overexpressing cells (U-2OS and MNNG-HOS). Nuclear β-catenin was increased obviously in SPARCL1-overexpressing cells compared to that in the control cells, as revealed by the stronger band corresponding to β-catenin (Figure 3b ). Relative amounts of the nuclear β-catenin proteins were quantified and were shown in Supplementary Figure 4c SPARCL1 stabilizes the WNT-receptor complex in OS S-J Zhao et al analysis data. Moreover, inhibiting the WNT/β-catenin pathway using XAV-939 partly reversed the downregulation effect of these genes in U-2OS and MNNG-HOS cells ( Figure 3g and Supplementary Figure 5b ). These data indicated that SPARCL1 activates the WNT/β-catenin pathway by promoting nuclear translocation of β-catenin. Blocking the WNT/β-catenin signaling reversed the inhibitory effects of SPARCL1 on OS cell migration and invasion.
SPARCL1 stabilizes ligand-receptor interactions for the WNT/ β-catenin pathway To investigate the mechanism by which SPARCL1 controls WNT/β-catenin signaling more deeply, we examined the interaction of SPARCL1 with various extracellular components of this signaling pathway. Using a co-immunoprecipitation (Co-IP) approach, we found that SPARCL1 physically interacted with endogenous LRP5/6 and FZDs (Fzd3, Fzd6 and Fzd8) in HEK293T cells ( Figure 4a and Supplementary Figure 5c ). However, no direct interaction was observed between SPARCL1 and canonical WNT proteins (Wnt3a and Wnt10b) ( Figure 4a ). This interaction between SPARCL1 and endogenous LRP5/6 and FZDs was also confirmed in OS cell lines (Supplementary Figure 5d) . We further determined whether SPARCL1 modulated the WNT ligand-receptor interaction. For this purpose, we performed an interaction assay based upon the immunoprecipitation of tagged proteins from the lysates of co-cultured HEK293T cells that were transfected individually with expression plasmids for SPARCL1-Flag, Fzd8-HA, LRP6-HA, Wnt3a-myc or Wnt10b-myc (co-culture IP) (Figure 4b ). Wnt3a and Wnt10b were used as canonical WNT ligands. We also used LRP6 and Fzd8 as representative pathway-specific receptors. We first examined whether SPARCL1 influenced the interaction of canonical WNT ligands (Wnt3a or Wnt10b) and Fzd8 proteins. As shown in Figure 4c , Wnt3a co-precipitated with Fzd8, and SPARCL1 stabilized the binding between Wnt3a and Fzd8, as indicated by the stronger band of precipitated Wnt3a (lanes 6 and 8). The relative amounts of the precipitated Wnt3a were quantified and are shown in Figure 4e . A similar enhancement of the WNT-FZD interaction by SPARCL1 was observed in combinations of Wnt10b and Fzd8 (Figures 4c and e) (lanes 7 and 9). We next examined the effect of SPARCL1 on the interaction between WNT proteins and the pathway-specific co-receptor, LRP6. As shown in Figures 4d and f, Wnt3a was co-precipitated with LRP6, and this interaction was enhanced in the presence of SPARCL1, as indicated by the stronger bands in lanes 6 and 8. Similarly, SPARCL1 also stabilized the interaction between Wnt10b and LRP6 (Figures 4d and f) (lanes 7 and 9). To further clarify whether SPARCL1 bound to both LRP6 and Fzd8 and formed a complex, another co-culture IP assay was designed (Figure 4g ). Previous studies reported that LRP6 and Fzd8 interacted specifically with each other in a WNT-independent manner and this interaction was mediated by Fzd8 beyond the Fzd8 cysteine-rich domain (CRD). 32 Therefore, in our co-culture IP assay, co-cultured HEK293T cells were transfected individually with expression plasmids for SPARCL1-myc, Fzd8CRD-Flag and LRP6-HA. As shown in Figure 4g , Fzd8CRD did not co-precipitate with LRP6, as previously reported (lane 4). 32, 33 Meanwhile, in the presence of SPARCL1, Fzd8CRD co-precipitated with both LRP6 and SPARCL1 (lane 6). These results suggested that SPARCL1 formed a complex comprising SPARCL1-LRP6-Fzd8 and stabilized the interaction between canonical WNT ligands and their receptors (Figure 7 ).
Correlation between SPARCL1 expression and M1 macrophages infiltration in human OS tissues or xenograft OS tissues It is generally accepted that an appropriate innate immune response restricts the growth and spread of tumors. 34 We first used a bioinformatics tool to explore the relationship between SPARCL1 and the immune process in an OS database (http:// hgserver1.amc.nl). GO analysis and KEGG pathway analysis indicated that SPARCL1 was related closely to the immune process via its involvement in antigen presentation and the chemokine pathway in OS (Supplementary Figures 6a-c) . We also noted a positive correlation between SPARCL1 and M1 HLA-DR+ macrophages (r = 0.4443, P o 0.0001) and M1 CD11c+ macrophages (r = 0.2884, P = 0.0064) (Figure 5a ). However, there was no significant correlation between SPARCL1 and total tumorassociated macrophages (TAMs) (CD11b+, CD68+ and Iba-1+) or M2 macrophages (CD163+, Fizz1+ and iNOS+) (Figure 5a ). Therefore, we hypothesized that M1 macrophages might be involved in SPARCL1-mediated cellular processes in OS. To further investigate this correlation between SPARCL1 and macrophages in OS, we performed immunostaining of HLA-DR in 40 primary OS tissues. IHC staining showed a positive correlation between SPARCL1 expression and the number of M1 HLA-DR+ macrophages (r = 0.4781, P = 0.0018) (Figures 5b and c) . As expected, SPARCL1-overexpressing metastatic lung nodules exhibited increased numbers of M1 HLA-DR+ macrophages compared with those in the control group (Figure 5d ). Kaplan-Meier analysis also showed that higher HLA-DR expression was associated with markedly increased overall and metastasis-free survival rates (Figures 5e and f) . These data demonstrated that SPARCL1 levels correlated positively with the infiltration of M1 macrophages in osteosarcoma.
SPARCL1-mediated activation of the WNT/β-catenin pathway promotes macrophages recruitment by increasing CCL5 production in human OS cells We next investigated the mechanism by which SPARCL1 promotes macrophages recruitment. Many chemokines play crucial roles in macrophages recruitment; therefore, we attempted to identify the chemokines involved in SPARCL1-mediated recruitment of macrophages. As shown in Figure 6a , our literature review revealed nine chemokines (list 1) that have the ability to recruit macrophages. [35] [36] [37] We then analyzed the correlation between the expression of SPARCL1 and these chemokines by searching the human OS database, which identified 19 chemokines (list 2) that have a positive correlation with SPARCL1 ( Supplementary   Figure 6c) . Finally, we identified five chemokines (list 3) that might be regulated by the WNT/β-catenin pathway, as reported in the literature. 38, 39 CCL5 was the only common chemokine among the three lists (Figure 6a ). Correlation analysis of the relationship Figure 6d) . As shown in Figure 6b and Supplementary Figure 6e , there was no significant difference in overall survival rate (P = 0.154); however, patients with higher CCL5 levels had a significantly higher metastasis-free survival rate (P = 0.022) in 88 cases of OS, based on a human osteosarcoma gene expression database. Furthermore, we found that induction of SPARCL1 overexpression increased CCL5 mRNA expression significantly in OS cells (U-2OS and MNNG-HOS) (Figure 6c ). Enzyme-linked immunosorbent assay (ELISA) (Figure 6d ) confirmed a significant increase in the CCL5 protein level resulting from SPARCL1 overexpression. We next investigated how SPARCL1-mediated activation of WNT/β-catenin signaling regulates the expression of CCL5. Transcription factor 4 (TCF4) is a classical transcription factor of WNT/β-catenin signaling; therefore, a chromatin The data shown are mean ± s.d., *Po0.05, **Po0.01.
immunoprecipitation (ChIP) assay was performed to examine whether TCF4 was indeed involved directly in the regulation of CCL5 expression. The results showed that TCF4 had two binding sites in the CCL5 promoter (at − 603/ − 301 and − 2420/ − 2110 relative to the transcription start site) common to both U-2OS and MNNG-HOS cells (Figure 6e ). We constructed luciferase reporter plasmids containing about 660 bp of the wild type and mutant CCL5 promoters. The dual-luciferase reporter assays indicated that the transcriptional activity of the CCL5 promoter was induced significantly by TCF4 in U-2OS and MNNG-HOS cells (P o0.001), and was decreased significantly in cells harboring the CCL5 promoter mutation construct (P o0.001) (Figure 6f ). To further confirm the relationship between WNT/β-catenin pathway and CCL5, a CCL5 dual-luciferase reporter gene assay was performed. MNNG-HOS and U-2OS cells were treated with rWnt3a or vehicle (PBS containing 0.1% bovine serum albumin). The reporter activity was increased significantly in the rWnt3a group compared with that in the control group (for U-2OS cells, P o0.001; for MHHG-HOS cells, P o0.01) (Figure 6g ). Finally, we performed chemotaxis assays with primed THP-1 cells (macrophages) in the upper chamber and conditioned medium (CM) from cultures of SPARCL1-overexpressing or control OS cells in the lower chamber ( Figure 6h , left panel). We found that CM from SPARCL1-overexpressing cells induced increased migration of macrophages compared with that from the control cells (Figure 6h and Supplementary Figure 6h) . The chemotactic effect of SPARCL1-overexpressing U-2OS CM and MNNG-HOS CM on macrophages was blocked partially using an anti-CCL5 monoclonal antibody (Figure 6h and Supplementary Figure 6h) . These data suggested a regulatory role for SPARCL1 in the promotion of chemotaxis via the WNT/β-catenin pathway, leading to an increase in macrophage infiltration in OS.
DISCUSSION
It is widely accepted that SPARC enhances osteogenesis by activating the WNT/β-catenin pathway. 40 A relationship between SPARCL1, a member of the SPARC family, and WNT/β-catenin has not been reported in the literature. In the present study, we showed that SPARCL1, an extracellular component of the WNT pathway, contributes to the activation of the canonical pathway by promoting nuclear translocation of β-catenin. SPARCL1 might bridge the Fzd8 and LRP6 proteins through trimer formation, further stabilizing WNT ligand-receptor interactions (Figure 7) . SPARCL1 inhibits metastatic progression in many kinds of tumors and may act as a tumor suppressor, which is consistent with our results in OS. [25] [26] [27] [28] The role of canonical WNT signaling in epithelial carcinoma development has been studied intensively. 9 However, the functional role of this signaling pathway in mesenchymal tumors, especially OS, remains controversial, with some studies suggesting an oncogenic role, and others supporting an anti-tumorigenic effect. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Several studies have revealed a clear correlation between tumorigenesis and defective differentiation in OS, [14] [15] [16] [17] [18] [19] indicating the involvement of WNT/β-catenin in OS development. Goldstein et al. 19 showed that activating WNT/β-catenin signaling by blocking DKK1 using an antibody inhibited OS growth and metastasis of orthotopically implanted, patientderived OS, in an animal model. In accordance with this, we also demonstrated that SPARCL1-activated WNT/β-catenin signaling suppressed OS metastasis.
Growing evidence suggests that immune cells, in particular TAMs, are important participants in tumor progression and metastasis. [35] [36] [37] TAMs comprise distinct subsets that coexist in tumors and adapt to the changing milieu. 41, 42 A high density of M2 macrophages has been associated with poor prognosis and tumor metastasis. 43 In contrast, a high density of M1 macrophages exerted an anti-metastatic effect and correlated with increased patient survival. 44 This has provoked interest in developing therapies aimed at skewing the population of macrophages from the M2 to the M1 type. [41] [42] [43] [44] It is worth noting that a randomized clinical trial involving 662 patients with OS, which examined the effect of activating macrophages and monocytes on standard chemotherapy, revealed a significant improvement in overall survival at 6 years. 45 The pro-tumor role of TAMs has been observed in most epithelial tumor types; however, in OS (mesenchymal origin), TAMs are associated with anti-metastatic functions, 46 in which TAMs are presumably polarized to an M1 type. Certain extracellular matrix molecules have been shown to act as inflammatory stimuli for the recruitment of innate immune cells and the expression of pro-inflammatory genes. 47 Our work identified one potential mechanism by which SPARCL1 can recruit macrophages via activation of the WNT/β-catenin signaling pathway in OS.
Our study revealed that SPARCL1 plays important roles in OS metastasis and recruitment into the tumor microenvironment, and revealed the underlying mechanism of the regulation of the canonical WNT/β-catenin signaling, in which SPARCL1 stabilizes the WNT-receptor complex. However, a key limitation of this study is that our mouse model is immune-deficient, which might have influenced the metastatic pattern and prevented a complete evaluation of the role of the immune system in metastasis. Furthermore, because of the low incidence of OS, it was difficult to obtain a larger sample size to carry out a more thorough evaluation of clinical pathology and prognosis. The specific mechanisms prompting macrophages to polarize to the M1 phenotype, and whether a balance between M1-and M2-type functions is responsible, is unclear and will be further explored in future studies. Advances in this field will help to further decipher the complex roles of the canonical WNT pathway in the occurrence and development of OS.
In conclusion, SPARCL1 inhibited OS metastasis in vitro and in vivo. This effect correlated with the activation of WNT/β-catenin Figure 7 . Schematic of SPARCL1 suppresses OS metastasis and recruits macrophages by activation of canonical WNT/β-catenin signaling through stabilization of WNT-receptor complex. Once SPARCL1 is involved, it stabilizes canonical WNT ligand-receptor complex through physical interaction with FZDs and LRP5/6. Model 1, SPARCL1 bridges the FZDs and LRP5/6 proteins through a complex formation. Model 2, SPARCL1 may interact with both FZDs and LRP5/6, respectively, but not form a complex. In the presence of SPARCL1, enhanced WNT/β-catenin signaling directly inhibits OS metastasis. Additionally, SPARCL1-mediated activation of WNT/β-catenin signaling promotes macrophages recruitment to the osteosarcoma microenvironment by increasing CCL5 production in human OS cells.
signaling. Activated WNT/β-catenin signaling also recruited macrophages via increasing CCL5 secretion (Figure 7 ). These findings suggest that canonical WNT signaling is anti-metastatic in OS, and support the targeting of SPARCL1 as a new anti-metastatic strategy for patients with OS.
METHODS
Cell culture and reagents
Human U-2OS, Saos-2, MNNG-HOS, hFOB1.19, THP-1 and HEK293T cell lines were all purchased from Cell Bank of the Chinese Academy of Sciences (Shanghai, China). All these cells were cultured following the instructions of the American Type Culture Collection (ATCC, Manassas, VA, USA). The antibodies used in this study were against SPARCL1 (ab107533, Abcam, Cambridge, MA, USA), β-actin (M1210-2, Huabio, Hangzhou, China), and lamin A/C (2032s, Cell Signaling, Danvers, MA, USA) for western blotting (WB); β-catenin (ab32572, Abcam) for WB, cell IF, and tissue IHC; β-catenin (GB13051, Goodbio, Shanghai, China) for tissue IF; HLA-DR (ab20181 and ab134038) for IHC; Wnt3a (ab28472, Abcam), Wnt10b (ab70816, Abcam), Frizzled3 (sc-68334, Santa Cruz, Dallas, TX, USA), Frizzled6 (5158, Cell Signaling), Frizzled8 (sc-33503, Santa Cruz), LRP5 (ab36121, Abcam), LRP6 (ab134146, Abcam) for co-IP, TCF4 (2565, Cell Signaling) for ChIP, CCL5 (21418, R&D Systems, Minneapolis, MN, USA) for chemotaxis assay; and HA-tag (3724, Cell Signaling), Flag-tag (8146, Cell Signaling), and myc-tag (2278, Cell Signaling) for co-culture IP. Secondary antibodies were purchased from Jackson ImmunoResearch (West Grove, PA, USA). Chemicals and biochemical used were: DAC (A3656, SigmaAldrich, St Louis, MO, USA), TSA (S1045, Selleck, Shanghai, China), XAV-939 (S1180, Selleck), recombinant human Wnt3a (5036-WN, R&D, Minneapolis, MN, USA) and recombinant human SPARCL1 (2728-SL, R&D).
R2 database analysis
The R2 database (http://hgserver1.amc.nl) was used to generate the Kaplan-Meier survival curves for patients with osteosarcoma. The tumor type was defined as osteosarcoma and mixed osteosarcoma -Kuijjer -127 -vst -ilmnhwg6v2 data set was selected. The GO and KEGG pathway analysis generated by this database were used to comprehensively investigate the relationship between SPARCL1 and other genes. We also selected 'correlate 2 genes' in 'Select type of analysis' section and a Pearson rank correlation test was used to analyze the correlation between SPARCL1 and the markers of macrophages in 88 OS samples.
IHC and hematoxylin and eosin staining
A human osteosarcoma TMA containing 40 specimens (with duplicate cores for each sample) was purchased from Xi'an Alena Biotechnology Co., Ltd (Xi'an, China). Detailed information on the TMA can be found in Supplementary Table 1 . IHC and hematoxylin and eosin staining were performed as previously reported. 48 The following primary antibodies were used: SPARCL1 (1:100), β-catenin (1:100) and HLA-DR (1:150). The scoring was based on the intensity of positive staining using a 3-point scale: 0-5%, 0; 6-35%, 1; 36-70%, 2; and 470%, 3. Negative and positive expression levels were defined as a total score o2 and ⩾ 2, respectively. The scoring was performed in a blinded manner and determined independently by two senior pathologists.
IF
The IF cell assay was performed as previously described. 49 For tissue IF staining, the samples were first deparaffinized, rehydrated and then subjected to heat-mediated antigen retrieval in citric acid (pH 6.0). All the cells and slides were incubated with specific antibodies against β-catenin and labeled with Alexa 488-conjugated secondary antibody (1:200). The nuclei were counterstained with 4′,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich). A confocal microscope (LSM 510, Zeiss, Jena, Germany) was used to photograph the images.
RNA isolation and qPCR
In accordance with the manufacturer's instructions, TRIzol reagent (Takara, Dalian, China) was used to extract the total RNA, and the PrimeScript reverse transcription-polymerase chain reaction (RT-PCR) kit (Takara) was used to perform the RT. The qPCR was performed using a 7500 real-time PCR system (Applied Biosystems, Inc., USA) using the SYBR Premix Ex Taq (Takara) using the following recommended cycling settings: one initial cycle for 2 min at 95°C followed by 40 cycles of 5 s at 95°C and 31 s at 60°C. The data were analyzed using the 2 − △CT method and normalized to the glyceraldehyde 3-phosphate dehydrogenase expression level. The primer sequences used are all listed in Supplementary Table 3. Short interfering RNA (siRNA) transfection Cells were replated in six-well plates at 60-65% confluence and transfected with specific siRNA (si-Frizzled3, si-Frizzled6 and si-Frizzled8) using the Lipofectamine RNAiMAX reagent (Thermo Fisher Scientific, Waltham, MA, USA). A non-targeted siRNA (si-NC) was used as the control. Transfection steps were performed following the manufacturer's protocols. The siRNA oligonucleotides were all produced by GenePharma (Shanghai, China), and their sequences are listed in Supplementary Table 3 .
DAC and TSA treatment
The different treatment concentrations and times used for the DAC or TSA were as previously described. 48 Cells incubated with dimethyl sulfoxide were used as a control.
Bisulfite sequencing
The bisulfite sequencing assay was performed as previously described. 48 The primer sequences of CpG-rich regions of the SPARCL1 promoter were: forward, 5′-GAGGTTTTGAGAATAAGAGTTTGAG-3′ and reverse, 5′-ACAAAAAATAAAAATTTAACAAACACC-3′.
Plasmid construction and transfection
The HA-tagged human SPARCL1 ORF (NM_004684.5) was subcloned into the CD510B-1 (pCDH-CMV-MCS-EF1-Puro) vector. SPARCL1-HA and mock vector were packaged into the virus and titers were determined. Target cells were infected with 1 × 10 8 lentivirus-transducing units and 6 μg/ml polybrene (Sigma-Aldrich, Shanghai, China). After 72 h, the infected cells were screened in the presence of 2.5 μg/ml puromycin. The qPCR and WB also verified the overexpression efficacy of SPARCL1. CD510B-1 vector was similarly transfected to serve as control.
Cell migration and invasion assay
In the migration assay, 2.5 × 10 4 cells were seeded into the upper chamber of the transwell plate (Millipore, La Jolla, CA, USA). The cell invasion assay was performed using Matrigel-coated filters (BD, La Jolla, CA, USA). Specific culture medium and recombinant SPARCL1 was added to the bottom chamber. Cells were allowed to migrate for 24 h or invade through the Matrigel for 48 h at 37°C. The migrated or invaded cells were then fixed and stained with 0.1% crystal violet, six randomly selected fields were photographed, and the cell numbers were counted.
Chemotaxis assay
An in vitro chemotaxis assay was performed using the transwell system. In brief, THP-1 cells (5 × 10 4 ) primed using 100 ng/ml PMA (Sigma-Aldrich) were seeded into the upper chamber, and CM (serum-free) from SPARCL1-overexpressing or control cell cultures was placed in the lower chamber. The subsequent steps were identical to those used in the cell migration assay. Specifically, a neutralizing antibody against CCL5 was added to the CM from the SPARCL1-overexpressing cells to elucidate the chemotactic effect.
In vivo metastatic model and bioluminescent imaging
Ten male BALB/C nude mice (4-week-old) were reared and handled in compliance with the animal experimental protocols approved by the East China Normal University Animal Care Commission. For the in vivo metastasis model, the mice were randomly divided into two groups (vector and SPARCL1 groups) and injected with 1.5 × 10 6 cells via the tail veins. After 30 days, the in vivo tumor metastasis was imaged using bioluminescence. D-Luciferin (Xenogen, Hopkinton, MA, USA) was injected, and the bioluminescence was detected using a lumazone imaging system (MAG Biosystems, Tucson, AZ, USA). All the mice were subsequently killed, the lungs were isolated and the metastatic nodules were counted. The collected lungs were fixed and prepared for histological assessment.
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Luciferase reporter gene assay TOP-flash (TCF reporter plasmid) expression plasmids were purchased from Millipore (Cat. # 21-170). To verify the binding sites of TCF4 and CCL5, luciferase reporter plasmids containing wild type and mutant CCL5 promoters were constructed in the pGL4 plasmid (Supplementary Table 3) for the dual luciferase reporter assay. To further determine whether the WNT/β-catenin pathway stimulates CCL5 expression, a CCL5 dual-luciferase reporter gene plasmid (containing CCL5 promoter of~1500 bp) was purchased from Asia-Vector Biotechnology Co., Ltd. (Shanghai, China). The cells were cultured in white-bottom 96-well plates and transfected with a mixture of reporter plasmid and Renilla, using the Lipofectamine 3000 transfection reagent (Thermo, USA) according to the manufacturer's instructions. After 24 h, the cells were lysed in 1 × passive lysis buffer. Firefly and Renilla luciferase activities were measured using the Dual-Glo Luciferase reporter assay system (Promega, Madison, WI, USA), following the recommended protocol.
ELISA
ELISA was performed to detect human CCL5 using CCL5-specific ELISA kits (R&D Systems) following the manufacturer's protocol.
ChIP assay
The ChIP assay was conducted using the Pierce Agarose ChIP kit (Thermo) following the manufacturer's instructions. In brief, MNNG-HOS and U-2OS cells were fixed with 1% formaldehyde solution for 10 min at 37°C, and the fixation reaction was quenched with glycine solution for 5 min. After crosslinking and cell pellet isolation, the lysis buffer and micrococcal nuclease were used to obtain the digested chromatin. Then, 5 μl of the supernatant containing the digested chromatin was transferred into a 1.5-ml tube, and this was the input sample. The corresponding antibody (TCF4-specific antibody or rabbit IgG) was added to the remaining supernatant and incubated for the IP reactions overnight at 4°C. The IP elution and DNA recovery were performed following the manufacturer's protocol. The DNA was analyzed by PCR, using the SYBR Green master mix and primers, which are listed in Supplementary Table 3. Western blotting Total or nuclear cellular protein was extracted using a protein extraction buffer (Beyotime, Shanghai, China) or nucleoprotein extraction kit (Sangon Biotech, C500009). Proteins were separated using sodium dodecyl sulfatepolyacrylamide gel electrophoresis and transferred onto a nitrocellulose (NC) membrane. After blocking with 5% skimmed milk, the membranes were incubated with the following specific antibodies: anti-SPARCL1 (1:1000), anti-β-catenin (1:1000), anti-β-actin (1:2000), anti-lamin A/C (1:1000), anti-Wnt3a (1:800), anti-Wnt10b (1:800), anti-Fzd3 (1:100), antiFzd6 (1:1000), anti-Fzd8 (1:200), anti-LRP5 (1:200) and anti-LRP6 (1:2000), followed by species-specific secondary antibodies (1:10000). After incubating with the secondary antibodies for 50-60 min, the bands were detected using the Odyssey imaging system (LI-COR, Lincoln, NE, USA).
Co-IP and co-culture IP assays
For the co-IP assay, cell lysates of SPARCL1-HA or vector-transfected HEK293T cells were prepared as mentioned above. Protein A/G Sepharose (Santa Cruz Biotechnology) was preincubated with the anti-HA antibody for 30-60 min on a spinning wheel at 4°C, followed by two washes. Then, the beads-antibody complex and protein lysate were suspended. All IPs were performed on the spinning wheel at 4°C overnight. Then, the beads were collected by centrifugation at 3000 g, followed by three washes with lysis buffer. Then, the immunoprecipitates were analyzed using WB, following the steps described above.
For the co-culture IP assay, HEK293T cells (2 × 10 6 ) were first cultured in 10-cm dishes and individually transfected with 5 μg expression plasmids for SPARCL1 (SPARCL1-Flag or SPARCL1-myc) or various WNT components (receptor expression plasmids: LRP6-HA or Fzd8-HA or Fzd8CRD-Flag; ligand expression plasmids: Wnt3a-myc or Wnt10b-myc) using Lipofectamine 3000. All the plasmids were purchased from Shanghai Generay Biotech Co., Ltd. (Shanghai, China). After 8 h, the cells were mixed and seeded in six-well plates for the co-culture. To detect the interaction of one WNT receptor (Fzd8 or LRP6) and two ligands (Wnt3a or Wnt10b, or SPARCL1), cells with receptors and those with ligands were mixed in a 1:2:2 ratio. To examine the interaction between two WNT receptors (LRP6 and Fzd8) and SPARCL1, a 1:1:2 ratio was used. After co-culturing for 24 h, cell lysates were prepared as described above. Protein A/G Sepharose preincubated with an anti-HA or anti-Flag antibody was used for the different designed groups. The subsequent steps were identical to those of the IP assay mentioned above. Finally, the NC membranes were probed using anti-HA, anti-myc or anti-Flag monoclonal antibodies.
Gene expression profiling and data analysis
Control MNNG-HOS cells and SPARCL1-overexpressing MNNG-HOS cells (each n = 3) were used to compare the gene expression patterns using transcriptomic analysis. The microarray data were generated by Shanghai Biotechnology Corp. In brief, according to the Agilent One-Color microarray-based gene expression analysis protocol (Agilent Technology), the labeled complementary RNA (cRNA) was purified using the RNeasy mini kit (Qiagen, Germantown, MD, USA). Hybridization was performed on the human whole genome 8 × 60 K oligonucleotide microarrays (GeneChip, Agilent), using reagents and protocols provided by the manufacturer. The array data were uploaded to the Gene Expression Omnibus database (GSE97572). The data analysis were performed using the statistical software R. DEGs were defined as genes presenting both an average fold change 42.0 and a Po0.05. Moreover, all the DEGs were subjected to GO (geneontology.org) and KEGG (www.genome.jp/kegg) analyses. 
Statistical analysis
